at high temperature have been investigated by means of in situ high temperature powder XRD measurements. The monoclinic P2 1 /n phase of Li 2 MgSiO 4 shows a reversible phase transition to high temperature orthorhombic Pmnb phase due to the order-disorder of Mg and Li atoms at 590 °C. By slow cooling from 1000°C to room temperature, the monoclinic Pn phase of Li 2 MgGeO 4 was obtained. Lattice parameters are a = 6.389(1), b = 5.475(1), c = 4.995(1) Å, and β = 90.18(1). The monoclinic Pn phase of Li 2 MgGeO 4 shows a reversible transformation to the orthorhombic Pmn2 1 phase at 540 °C, accompanied with the abrupt contraction along c-axis and elongation along b-axis on heating.
INTRODUCTION
Lithium orthosilicates, Li 2 MSiO 4 (M: Mn, Fe, Co), have been extensively investigated in this decade as new positive electrode materials for lithium ion batteries with high cell capacity 1) . One of the problems of these silicates is the inhomogeneity of the crystal structure caused by structural phase transitions. We have investigated the structural phase transitions of Li 2 CoSiO 4 and Li 2 MnSiO 4 by means of in-situ powder XRD at high temperatures 2, 3) . However, the thermal oxidation of samples has prevented to clarify the structural details of the phase transitions. Li 2 MgSiO 4 and Li 2 MgGeO 4 with the similar crystal structures and stable in the oxidative conditions may be model compounds to investigate the phase transitions of lithium orthosilicates. Although, in 1972, West and Glasser have reported DTA and high temperature XRD study on these Mg compounds 4, 5) , structural details of the phase transitions are not clear. We will report the revisited high temperature powder XRD study on the structural phase transitions of Li 2 MgSiO 4 and Li 2 MgGeO 4 .
Li 2 MgSiO 4 and Li 2 MgGeO 4 were reported by P. Tart and T. Cahay in 1970 for the first time as members of series of compounds Li 2 MXO 4 (M: Mg, Zn, Cd, Mn, Fe, Co; X: Si, Ge) with the crystal structures analogous to those of Li 3 PO 4 6) . In these compounds, oxide ions form a pseudo-hexagonal closed packed (hcp) structure. The cations occupy a half of its tetrahedral sites and show some ordered arrangements, depending on the metal species and the heat treatments during the sample preparation. 4, 5) The fundamental features of polymorphs based on the structures of β-Li 3 PO 4 (Pnm2 1 , a = 6.3, b = 5.5, c = 5.0 Å ) and γ-Li 3 PO 4 (Pnmb, a = 6.3, b = 10.8, c = 5.0 Å) are summarized by A. R West 7) . Also their mutual relationships or phase transitions among polymorphs have been summarized. Two polymorphs, monoclinic γ 0 and orthorhombic γ II phases, have reported for Li 2 MgSiO 4 4,5) . The crystal structure of monoclinic γ 0 phase has been refined by Jousseaume et al. 8) using single crystal XRD method. According to their study, it shows monoclinic P2 1 /n symmetry with lattice parameters of a = 6.300(1) Å, b = 10.692(5) Å, c = 4.995(3) Å, and β = 90.47(1)°. The atomic arrangements are similar to γ-Li 3 PO 4 , of which Li sites are occupied by Mg and Li atoms in an ordered manner. The γ phase with disordered arrangements of Mg and Li atoms is also reported 9) . West and Glasser 4, 5) have reported a phase transition from low temperature γ 0 to high temperature γ II phase at around 600 °C. However, the degree of Mg-Li ordering in the high temperature γ II phase is not well known. More recently, Dozmarov et al. 10) have investigated the phase transition of Li 2 MgSiO 4 . However, the structural details at around phase transition temperature have not been clarified.
Four polymorphs, β II , β II ', γ II and γ 0 phases have been reported for Li 2 MgGeO 4 .
4) The γ II phase rapidly cooled from above 1100 °C shows orthorhombic Pnma symmetry with the disordered arrangement of Mg and Li atoms 11, 12) . The β II ' phase obtained by slow cooling to the room temperature shows orthorhombic Pmn2 1 symmetry with its lattice parameter b half of that for γ II phase. On heating, β II ' phase transform to the intermediate β II at around 540 °C. 4) It has been reported that this phase transition is rapidly reversible. However, the details of the structural change are not clear.
EXPERIMENTAL
Samples were prepared by solid state reaction of Li 2 CO 3 , Mg(OH) 2 , and SiO 2 or GeO 2 in air. The samples were heat-treated at 1000°C and then slowly cooled (typically in the rate of 1 K/min). Samples were characterized by powder XRD and TEM. The XRD measurements at high temperatures were performed under vacuum. DTA analyses were performed using a MacScience TG-DTA 2020S apparatus. The lattice parameters, XRD peak intensities, and XRD peak widths were evaluated by using a profile fitting method similar to the Pawley method. For the intensity calculation PowderCell program was used.
3. RESULTS and DISCUSSION 3.1 γ 0 to γ II phase transition of Li 2 MgSiO 4 3.1.1 As prepared sample and its DTA curve The single phase of Li 2 MgSiO 4 with monoclinic P2 1 /n structure was obtained when heat-treated at 1000 °C for totally 3 days with the intermittent twice grinding. Lattice parameters (a = 6.296, b = 10.680, c = 4.993 Å, β = 90.47°) and XRD peak intensities well agree with the γ 0 phase reported by Jousseaume et al. Its DTA curve showed an endothermic peak at 598 °C on heating and an exothermic peak at 590 °C on cooling, indicating reversible phase transitions as shown in Fig. 1 (a). The DTA peak temperatures agree with those report by West & Glasser 4, 5) . The peaks are broad and show the tail to the lower temperature side compared with the DTA peaks for Li 2 MgGeO 4 shown in Fig. 1(b) .
XRD patterns at high temperature
Figure 2(a) shows powder XRD patterns of Li 2 MgSiO 4 at high temperatures: at 579 °C just below the DTA peak temperature, at 618°C just above the DTA peak, and at 578°C on cooling after heated up to 637°C. The intensity ratios of strong peaks are not so much changed but several weak peaks marked by filled circles (110, 130, 310, and 330 reflections) change their intensity. Also several peaks split due to the monoclinic symmetry become single peaks in the high temperature phase, as marked by open circles.
The temperature variations of lattice parameters assuming the monoclinic lattice are shown in Fig. 2(b) . The lattice parameters, a, b, and c, linearly increase with temperature up to around 500°C. However, above 500°C, the decrease of the slope was observed for a and c, whereas the increase for b. Also the value of β decreases rapidly on heating above 500°C and becomes close to 90° above 610°C. Above 610 °C the diffraction patterns can be indexed as orthorhombic system. The disappearance of splitting for peaks marked by open circles indicates the orthorhombic symmetry. The volume of the unit cell linearly increases and the peak width is nearly constant through the transition temperature.
The diffraction conditions also indicate that the high temperature phase is orthorhombic. As for the peak intensity of hk0 reflections above 500°C, a systematic variation was observed. As shown in Fig. 2(c) , the intensities for hk0 reflections with odd k (110, 130, and 330 etc.) rapidly decrease, whereas the peak intensities of hk0 reflections with even k (120, 220, and 040 etc.) do not so much changed. The diffraction condition for P2 1 /n system is h0l; h + l = 2n. The observed diffraction conditions for high temperature phase are h0l; h + l = 2n and hk0; k = 2n which agree with the orthorhombic Pmnb space group. where p is the occupancy factor of Mg atoms in Li1(4e) site.
A structure model for the phase transition
Observed variations of XRD peak intensities at around phase transition temperature indicate that origin of the phase transition is the disordering of the site occupancy in Mg and Li sites. In the γ 0 phase with P2 1 /n symmetry, Mg and Li atoms occupy 3 kinds of (4e) sites in an ordered manner; Mg, Li1 and Li2 sites according to the structure analysis by Jousseaume et al. 8) The space group Pmnb of high temperature structure is a subgroup of P2 1 /n space group.
One (4e) site, Li2 site, in P2 1 /n space group turns to (4c) site of Pmnb space group and two (4e) sites, Mg and Li1 sites, turn to a (8d) site. Therefore, the disordering of Mg and Li1 site occupancies is plausible. The XRD peak intensities for the disordered structure with P2 1 /n symmetry were calculated as a function of the occupancy factor p of Li atoms in Mg sites, where the occupancy factor of Mg atoms in Li1 site is p. The value of (1-2p) may be an order parameter. The atomic positional parameters were fixed to those at room temperature reported by Jousseaume et al. 8) The lattice parameters are those observed at 580°C just below the phase transition. As shown in Fig. 3 , the observed rapid decrease of 110, 130, and 111 peak intensities near the phase transition temperature is well explained by the above disordering model. The disappearance of 110 and 130 peak intensities indicate that the Li and Mg atoms occupy the (8d) site randomly (occupancy factor p = 0.5 for both atoms) in the high temperature Pmnb phase. The DTA curves showed endothermic peaks at 545 and 995 °C on heating and exothermic peaks at 853 and 533 °C. These peak temperatures agree with the phase transition temperatures reported by West & Glasser; 540°C for the low temperature reversible phase transition and 910°C for the high temperature phase transition with large thermal hysteresis more than 150K. 4) To obtain the sample with good quality, it is necessary to cool the sample slowly (typically less than 1K/min) from 1000°C to about 750 °C through the 850°C where the DTA curve shows a peak on cooling. The more rapid cooling caused the co-existence of small amount of high temperature γ ΙΙ phase. It is to be noted that the DTA peak is sharper than the peak for Li 2 MgSiO 4 and the peak shape is almost symmetrical as shown in Fig. 1(b) . It is suggested that the mechanism of phase transition for Li 2 MgGeO 4 is somewhat different from that for Li 2 MgSiO 4 .
XRD patterns of Li 2 MgGeO 4 at high temperatures
XRD patterns at 500 and 580 °C on heating and at 500°C on cooling after heated up to 680°C are shown in Fig.4 . Also the variation of lattice parameters, peak width (FWHM), the volume of unit cell, and the peak intensity of several reflections are shown in Fig. 5 . The peak intensities do not so much changed due to the phase transition. No peak disappears above T c . Small changes in the peak top intensity are observed for several peaks; for example, 10% decrease for 110 peak and about 20% increase for 011 peak relative to 101 peak. However, no systematic dependence on the reflection index was observed.
All the lattice parameters increase linearly with increase of temperature in the range from 25 to 500°C. Near the transition temperature, the lattice parameter c decreases with increase of temperature below T c and again increases above T c . The lattice parameter b rapidly increases above 500°C. The lattice parameter a and the volume of the unit cell increase almost linearly on heating. The temperature variations are reversible on heating and cooling. It is noted that the peak width (FWHM) decreases above T c . The value of the peak width in Fig. 5 was evaluated by a profile fitting method assuming a common peak width for all the peaks. 4 13) and observed lattice parameters as shown in Fig 6(a) . The Ge and a half of Li atoms were placed in two (2a) positions with x ≃ 0 and 0.5, respectively. The Mg and another half of Li atoms were placed in two (2a) positions with x ≃ 0.25 and 0.75, which correspond to the (4b) position of Pmn2 1 space group. The calculated profile well agrees with the observed profile.
The β II ' to β II phase transition of Li 2 MgGeO 4 can be well described as a monoclinic P1n1 to orthorhombic Pmn2 1 phase transition. Figure 6 (b) and (c) shows the calculated XRD profile for Pmn2 1 phases with the structures following to the group-subgroup relations. In Fig. 6(b) , a half of the Li atoms are placed in (2a) position and another half of Li and Mg atoms are placed at (4b) position with random arrangements. In Fig. 6(c) , all the Li and Mg atoms are place in (2a) and (4b) Fig. 5 Temperature dependence of pseudo-orthorhombic lattice parameters, unit cell volume, peak width, and integrated peak intensities of 4 reflections in the lower 2θ range normalized by 110 peak value. 
Summary
The structural phase transitions of Li 2 MgSiO 4 and Li 2 MgGeO 4 at around 500-600°C have been investigated by high temperature powder XRD diffraction. Both are found to be monoclinic to orthorhombic phase transitions accompanied with the disordering in the site occupations of Mg and Li atoms. The detailed analysis for Li 2 MgGeO 4 assuming the low temperature monoclinic structure is in progress.
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